Louisiana Tech University

Louisiana Tech Digital Commons
Master's Theses

Graduate School

Summer 8-2020

Theoretical and Experimental Study of Choline ChlorideCarboxylic Acid Deep Eutectic Solvents and their Hydrogen Bonds
Ramu Gautam

Follow this and additional works at: https://digitalcommons.latech.edu/theses

THEORETICAL AND EXPERIMENTAL STUDY OF CHOLINE
CHLORIDE-CARBOXYLIC ACID DEEP EUTECTIC
SOLVENTS AND THEIR HYDROGEN BONDS
by
Ramu Gautam, B.E.

A Thesis Presented in Partial Fulfillment
of the Requirements of the Degree
Master of Science

COLLEGE OF ENGINEERING AND SCIENCE
LOUISIANA TECH UNIVERSITY

August 2020

LOUISIANA TECH UNIVERSITY
GRADUATE SCHOOL
June 23, 2020
Date of thesis defense

We hereby recommend that the thesis prepared by
Ramu Gautam, B.E.
entitled

Theoretical and Experimental Study of Choline Chloride-Carboxylic

Acid Deep Eutectic Solvents and their Hydrogen Bonds

be accepted in partial fulfillment of the requirements for the degree of
Master of Science in Molecular Sciences and Nanotechnology

Joan Lynam
Supervisor of Thesis Research
______________________________________________
Gergana Nestorova
Head of Molecular Sciences and Nanotechnology

Thesis Committee Members:
Joan Lynam
Daniela Mainardi
Prabhu Arumugam

Approved:

Approved:

_______________________________

__________________________________

Hisham Hegab
Dean of Engineering & Science

Ramu Ramachandran
Dean of the Graduate School

GS Form 13

(8/10)

ABSTRACT
In the field of green chemistry, deep eutectic solvents (DES) have seen extensive
use and research in the last two decades. Two carboxylic acid-choline chloride DESs
were studied using experimental Fourier Transform Infrared Spectroscopy (FTIR) and
computational Density Functional Theory (DFT). Geometry optimization, vibrational
analysis, and assignment of vibrational frequencies were performed using B3LYP with a
DNP basis set. The identified experimental FTIR peaks were found to be close to the
calculated vibrations. Vibrations that would be impossible to identify and characterize
using experimental methods were identified using DFT simulations. The shifts in
wavenumber of FTIR vibrational peaks were studied to detect the presence of hydrogen
bonds in acetic acid-choline chloride DES (AACC) and formic acid-choline chloride
DES (FACC). Atoms in Molecules theory was applied to study hydrogen bonding in
these DES. The chlorine ion in choline chloride was found to form a strong hydrogen
bond with acetic acid and formic acid in AACC and FACC, respectively. The choline ion
was also found to act as a hydrogen bond donor in forming a strong hydrogen bond with
acetic acid and formic acid. The interactions between the chlorine ion and methyl groups
of the choline ion were found to be van der Waals interactions and not hydrogen bonds.
Weaker hydrogen bonds between the oxygen of each carboxylic acid and the methyl
groups of choline chloride were also found. These findings hint at the involvement of the

chlorine ion in hydrogen bond formation with lignin in the biomass deconstruction
process.
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CHAPTER 1
INTRODUCTION
We are living in a time where we have exploited the natural resources provided by
the earth to an extent that not enough resources may be left for our not-so-distant
descendants. But we are also living in a time when we have the best motivation to tackle
this issue and find ways to preserve our resources, while not hindering daily life and
advancement when moving forward. Research in the field of green chemistry stems from
this very motivation, and researchers are working to come up with novel methods of
using renewable resources to fill the demands of legacy non-renewable resources. These
legacy resources come in the forms of energy sources and industrial solvents, while
engineers and researchers are beginning to use sustainable resources. Some of these
resources are decomposing unnoticed either because of the expensive processes required
to make use of them, or in most cases, because feasible uses have not been discovered for
them yet. One of these resources is biomass. Even though wood and waste biomass
factors for 26 percent of total renewable energy production in the United States, and 1.6
percent of its electricity, tapping into its full potential has not been achieved – far from
it.1 First, wood, which by itself has many uses, covers most of the biomass energy used.
Second, most of the biomass that comes as a byproduct of agriculture and cannot be used
as fodder is not used in energy production. Out of 194 million tons of biomass produced
per year, only a fifth is used in energy production and the rest of it goes untapped.1 The
1

main issue with using biomass is separating desired components from the bulk, as
biomass is chemically very complex. Biomass resources can be rice husks, pine needles,
sugarcane bagasse, or any other plants or plant parts. The extraction process is not
profitable using classical chemical processes and might end up harming the environment
instead of helping it. These facts demand that researchers invent and develop novel ways
to separate the components and extract the desired bioproducts. Organic solvents are a
class of chemicals that have been identified and used for this purpose. Ionic liquids (ILs),
which are salts that melt at lower temperatures are non-volatile and stable after melting,
have been popular in this research area, but they come with issues like toxicity,
causticity, and cost of preparation and manufacturing.2 The research on cytotoxicity of
ionic liquids has found many of them to be toxic to invertebrates and vertebrates.3 Physa
acuta, a freshwater snail, has shown sensitivity to ILs at concentrations of 3.5 to 1800
µM. ILs have also been found to show toxicity to human lungs and skin cells.4 This has
led to research for a new class of organic solvents that can eliminate those issues. A
eutectic system is a homogenous mixture of substances that has a melting point lower
than the melting point of all its constituents. Deep Eutectic Solvents (DESs) are a class of
organic eutectic systems that can be used to separate the organic components of biomass
for extraction without the issues faced with ionic liquids. A proper understanding of DES
and their properties is key to effectively using DES to develop economically viable and
profitable processes and products that make use of soon-to-be-wasted biomass while
lowering the use of non-renewable resources.
Since Abbott et al.2 first prepared an organic eutectic solvent by mixing choline
chloride (ChCl) and urea (1:2), DES has emerged as the newest chapter in green
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chemistry, and form a class of solvents that address the issues that face legacy green
solvents like ILs. With properties like low viscosity at processing temperatures, high
thermal stability, low vapor pressure, and the ease and low cost of production, DES have
generated extensive interest and research. Green chemistry is one field where research
and development of methods to process biomass has been rapidly growing over the last
few decades. Chemists and chemical engineers over the decades have developed various
solvents to extract desired components from biomass. DESs have been used to effectively
and efficiently breakdown and separate lignin from cellulose and hemicellulose in
biomass while being environmentally friendly.5 Lignin is a constituent of plant cell walls
that acts as a binder to hold cellulose and hemicellulose, two constituents of plant cell
walls, together for structural integrity. This separated lignin can be used to produce
adhesives or plasticizers, while cellulose and hemicellulose can be fermented to produce
ethanol to use as a fuel. DESs are generally composed of quaternary ammonium salts like
ChCl and hydrogen bond donors (HBDs) like carboxylic acids or urea.6 A hydrogen bond
donor is generally a molecule that provides the hydrogen atom in a hydrogen bond. When
the hydrogen atom in an -OH group of a carboxylic acid is involved in hydrogen bonding
with another electronegative atom like oxygen, the carboxylic acid would be called a
hydrogen bond donor. DES can be prepared at relatively low temperatures because of
their low melting points. Abbot et al.2 found that the depression of melting point when
choline chloride is mixed with hydrogen bond donors is due to the interaction between
hydrogen bond donors and the chloride ion of choline chloride. Ashworth et al.7 through
their ab initio study showed the chloride ion to be involved in hydrogen bond formation
with choline ions and HBAs. Migliorati et al.8 found that DES tend to maximize their
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hydrogen bonds, ultimately preventing the crystallization that leads to lowering of the
melting point. With properties like low viscosity at processing temperatures, high thermal
stability, low vapor pressure, and the ease and low cost of production, DES have
generated extensive interest and research. Several of these properties are attributed to the
hydrogen bonds present in and between the quaternary salt and hydrogen bond donors.
The biodegradability and low toxicity of choline chloride, with a relatively low retail cost
of $73 per kilogram at the time of writing,9 make it an excellent choice as the quaternary
salt in DES. Carboxylic acids have been used by humans for millennia and can be easily
extracted or chemically produced, making them a compelling choice as Hydrogen Bond
Donors (HBDs) for DES.
In the current work, Fourier Transform Infrared Spectroscopy (FTIR) was
performed on two ChCl- carboxylic acid DES (acetic acid-choline chloride DES (AACC)
and formic acid-choline chloride DES (FACC)) that we synthesized to verify the
formation of hydrogen bonds and predict the bonding sites. These two DESs have been
found to have significant advantages over other DES. In our lab, we have found that
pretreatment of biomass with DES enhances glucose extraction as a result of lignin
removal. We also found that both AACC and FACC are quite effective in lignin removal
from biomass like rice hulls and sugarcane bagasse.10 Pretreatment of bagasse was most
successful with AACC, while both AACC and FACC were effective in extracting lignin
from rice hulls.
We then employed Density Functional Theory (DFT) simulation methods on
these DES to identify all the IR vibrations. Geometry optimized structures of choline
chloride, acetic acid, and formic acid were obtained using a Becke-Lee-Yang-Parr
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(BLYP) functional with a double numerical with polarization (DNP) basis set and also
using Becke 3 parameter-Lee-Yang-Parr (B3LYP) functional implemented within the
DMOL3 module of Materials Studio 6.0 software.11 These structures were then used to
obtain gas-phase structures of 2:1 acetic acid-ChCl (AACC) and 2:1 formic acid-ChCl
(FACC) mixtures. Geometry optimization was performed for both the structures similarly
to that of their components. Vibrational analyses were performed on the said optimized
structures of DESs, and the absence of negative vibrational frequencies was used to prove
the stability of the structure. Vibrations at each vibrational frequency were graphically
visualized using Materials Studio 6.0 software. Figure 1-1, Figure 1-2, and Figure 1-3
show the 3D molecular structure of choline chloride, acetic acid, and formic acid,
respectively.

Figure 1-1: Gas-Phase Molecular Structure of Choline Chloride Optimized using
B3LYP with a DNP Basis Set.
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Figure 1-2: Gas-Phase Molecular Structure of Acetic Acid Optimized using B3LYP
with a DNP Basis Set.

Figure 1-3: Gas-Phase Molecular Structure of Formic Acid Optimized using B3LYP
with a DNP Basis Set.
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Subsequently, we identified and verified the presence of hydrogen bonds.
Vibrational peaks in FTIR spectra of ChCl, acetic acid, formic acid, AACC, and FACC
were studied to identify the vibrating elements. We investigated the vibrations’ shifts to
longer wavelengths, known as redshifts, when DES were synthesized from their
constituents, as well as the vibrations’ shift to shorter wavelengths (blueshifts) in FTIR
spectra of DES and its constituents, which is a sign of hydrogen bond formation.12 All
those possible hydrogen bonding sites were analyzed in DES to find hydrogen bonds’
location and length. DFT calculations were combined with our experimental data to gain
deeper insight into DES. Quantum Theory of Atoms in Molecules (QTAIM) and
Reduced Density Gradient (RDG) analysis were applied to confirm the presence of
hydrogen bonds. RDG analysis is a tool based on electron density and its derivatives that
is used to map and analyze noncovalent interactions like hydrogen bonds, van der Waals
interactions, and steric effects. DFT calculations were combined with our experimental
data to gain deeper insight into these DES. The theory of “atoms in molecules” (AIM)
was used to verify the hydrogen bonds predicted by experimental FTIR and theoretical
DFT methods. Multiwfn software was used for the calculations associated with the eight
criteria of AIM for hydrogen bonds.13 The theory of “atoms in molecules” is an extension
of quantum mechanics to subdomains properly defining an atom as an open system.14
Atoms in Molecules theory gives eight criteria for hydrogen bond characterization. We
hope our findings will help future researchers using DES in different fields by providing
a more complete understanding of the formation and characteristics of choline chloridecarboxylic acid DES.
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CHAPTER 2
METHODS AND PROCEDURE

2.1

Fourier Transform Infrared Spectroscopy

A Mattson Genesis II FTIR (Mattson Technology, Fremont, CA, USA) was used
to obtain the spectra of DES and their constituents. This is a third-generation infrared
spectrometer with a significantly higher signal to noise ratio and a high accuracy for
wavenumbers. Since the standard method to prepare solid samples for FTIR spectroscopy
is to use KBr pellets, 1 mg of sample was mixed with 100 mg of KBr and a pellet was
made with a pellet holder press by applying pressure. Single beam spectra of the samples
were collected by running 32 scans with a resolution of 2 cm-1 from wavenumbers 3000
to 800 cm-1.
2.2

Reduced Density Gradient (RDG)

Reduced density gradient (RDG) analysis is a tool based on electron density and
its derivatives that is used to map and analyze noncovalent interactions like hydrogen
bonds, van der Waals interactions, and steric effects.15 The reduced density gradient is a
scalar field of electron density. The spikes left of 0.000 on x-axis in Figure 2-1 represent
non-covalent interactions: hydrogen bonds and van der Waals interactions.
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Figure 2-1: Reduced Density Gradient plot.
The spikes within the circle show the presence of hydrogen bonds.
2.3

Quantum Theory of Atoms In Molecules (QTAIM)

Eight criteria for the occurrence of hydrogen bond proposed based on Bader’s
Quantum Theory of Atoms in Molecules were applied in this research.16, 17 The eight
criteria can be summarized as follows:
1. Topology: “First necessary condition to confirm the presence of a
hydrogen bond is a correct topology of the gradient vector field.”16 Bond
path (BP) and bond critical point (BCP) need to be present between
hydrogen-bonded atoms.
2. The charge density at the bond critical point: A bond is defined along a
line connecting two nuclei also known as bond line, along which electron
density is concentrated. This line is also known as a bond path. A point on the
bond path where the electron density is minimum is known as the bond

9

critical point. Hydrogen bonds have charge density between 0.002 and 0.035
at a BCP.16
3. The Laplacian of the charge density at the bond critical point: It is crucial
that this value is positive at a BCP, and be between 0.024 to 0.139 au for the
hydrogen bond to occur.16
4. Mutual penetration of hydrogen and acceptor atoms: The nonbonded and
bonded radii in this scenario mean the radius of the atom before and after the
formation of the hydrogen bond, respectively. The penetration of an atom is
defined as ΔrA = r0A -rA, where r0A and rA are its non-bonded and bonded radii,
respectively. The sum of ΔrA and ΔrH, the hydrogen atom penetration, gives
the mutual penetration distance of the hydrogen-bonded pair. The larger this
distance, the stronger is the hydrogen bond.
5. Loss of charge of the hydrogen atom: For the hydrogen atom to form a
hydrogen bond, the net charge of the hydrogen atom should decrease.
6. Energetic destabilization of the hydrogen atom: The atomic energy of the
hydrogen atom must increase to fulfill this criterion.
7. Decrease of dipolar polarization of the hydrogen atom: This criterion
requires that the dipolar polarization of hydrogen atomic distribution be
reduced upon the formation of a hydrogen bond.
8. Decrease of the hydrogen atom’s volume: The final criterion requires that
the hydrogen atoms volume is lower after it forms a hydrogen bond.

10

CHAPTER 3
RESULTS AND DISCUSSION

3.1

Density Functional Theory

In physics and chemistry, Density Functional Theory (DFT) is used to study the
electronic structures of atoms and molecules. It is a powerful quantum mechanical
modeling method that attempts to solve the Schrödinger equation for a many-electron
system. Although possible in theory, computing analytical solutions of Schrödinger’s
equation is computationally expensive and cannot be feasible in a many-electron system.
DFT uses the functional of the electronic density to circumvent the solution of the manyelectron Schrödinger equation.
The Generalized Gradient Approximation method within DFT as implemented in
the DMOL3 module of the Materials Studio 6.0 software with the Becke-Lee-Yang-Parr
(BLYP) 18, 19 functional and the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional,
implemented within the same software, were separately used in this work. For the
molecular simulation, the 2:1 gas-phase molecular structure of acetic acid:ChCl 2:1 molar
ratio (AACC) and formic acid:ChCl 2:1 molar ratio (FACC) were constructed (2 different
HBDs and 1 ChCl molecule) based on the experiments. The presence of minima was
confirmed by the absence of imaginary frequencies in the geometrically optimized
structures. With the Generalized Gradient Approximation, all geometry optimizations
were performed using the BLYP functional in combination with the double numerical
11

with polarization (DNP) basis set, the best set available in DMOL3.6 The other
functional, B3LYP, has been successfully used to predict molecular structures and
vibrational IR frequencies of several ionic liquids and deep eutectic solvents as well as to
measure bond lengths.20 Here, the geometry optimization was performed using B3LYP
with a DNP basis set. The DNP basis set has a set of polarizing functions (s-, p-, d- ) on
all atoms and is better than the Gaussian equivalent basis set of the same size (6-31G**
basis set),21 which has been proved to give accurate results for geometry minimization
and vibrational analysis of ionic liquids. DFT methods tend to overestimate the IR
frequency values, so the correction factors were used.22 A scaling factor of 0.961 was
used for B3LYP with a DNP basis set. For BLYP with a DNP basis set, a scaling factor
of 0.99 was used.22 All the vibration modes were individually observed, characterized,
listed, and compared with the FTIR spectrum for each DES.
3.2

Experimental FTIR

The FTIR spectra were obtained for acetic acid, ChCl, and AACC, as shown in
Figure 3-10. Vibrations at 3020, 2963, 2575, 1721, 1335, 1232, 1086, 1053, and 958 cm1

were observed for AACC. The vibrations at 3020, 2963, 1721, 1232, and 1086 cm-1 can

be assigned to OH stretching, C-H stretching, C=O stretching, sp2 C-O stretching (C-O
stretching in acetic acid), and sp3 C-O stretching, respectively.5, 23 Significant shifts in
vibrational frequencies from ChCl to AACC and acetic acid to AACC were also
observed. The C=O vibration shifted from 1731 cm-1 in acetic acid to 1721 cm-1 in
AACC (a redshift).
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Figure 3-1: FTIR Spectra (from top: ChCl, AACC, Acetic Acid).
A redshift of the sp2 C-O vibration (acetic acid) from 1255 cm-1 in acetic acid to
1232 cm-1 in AACC was also observed. In addition, the C-H vibration shifted from 3027
cm-1 in ChCl to 2963 cm-1 in AACC. Previous works have also shown similar redshifts.23
These shifts to lower frequencies show that hydrogen bonds are present in that area.12
The redshift for the C-H vibration in ChCl compared to this vibration in AACC suggested
the involvement of hydrogens from the methyl group in hydrogen bond formation.
Similarly, FTIR was performed on formic acid and FACC, with the spectra shown
in Figure 3-2. Vibrations at 3330, 2920, 2650, 1720, 1480, 1350, 1170, 1080, 1050,
13

1010, 953, 881, and 865 cm-1 were observed for FACC. Vibrations at 3330, 2920, 2650,
1720, and 1080 cm-1 can be assigned to OH stretching, C-H stretching, C=O stretching,
and sp3 C-O stretching ChCl, respectively, based on previous works.5, 23
Vibrations at 1480, 1350, 1170, 1050, 953, 881, and 865 cm-1 can be assigned
with the help of DFT calculations. The shift of the OH vibration from 3027 cm-1 in
ChCl to 2920 cm-1 in FACC indicated the formation of new hydrogen bonds.12 There are
both minor and major shifts of vibrations, which can only be explained with the help of
theoretical calculations.
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Figure 3-2: FTIR Spectra (from top: ChCl, FACC, Formic Acid).

14

750

3.3

Spectral Assignments

Apart from certain absorption vibrations, assigning vibrational modes for DES
using FTIR alone is limited in several ways. This had led to incomplete information on
DES in previous works that used only experimental methods. Several absorption
vibrations are left unassigned in previous experimental work,23 and even for the
vibrations that are assigned functional groups or bonds, the specific bond that is
contributing to the vibration is not defined. There are several C-C bonds, C-O bonds, and
C-H bonds in AACC and FACC where experimental methods alone cannot specify which
specific bond contributed to a vibration. Only the presence of hydrogen bonds can be
deduced from FTIR spectra, but where, how many, and how strong the hydrogen bonds
formed are, cannot be explained. Theoretical methods, DFT in particular, were used here
to study the vibrational characteristics and hydrogen bond formation and their
characteristics. Theoretical calculations were performed using BLYP and B3LYP
functionals. Each vibrational mode from DFT calculations is listed and the FTIR
absorption vibrations are matched against IR intensity vibrations obtained from
theoretical calculations.
3.4
3.4.1

DFT Geometry Optimizations and Vibration Assignments

AACC DFT Geometry Optimization and Vibration Assignment
Figure 3-3 shows geometrically optimized AACC DES with each atom labeled

for identification when B3LYP with a DNP basis set was used. Experimentally obtained
FTIR vibrations, as seen in Figure 3-1, and vibrations from theoretical calculations are
listed in Table 3-15. Observed differences in calculated and experimental IR frequencies
may be due to the dispersion of liquid phase FTIR samples in KBr pellets.
15

Figure 3-3: Gas-Phase Molecular Structure of 2:1 Acetic Acid-Choline Chloride DES
Geometry Optimized using B3LYP with a DNP Basis Set.
In the FTIR spectra, a very strong broad region lies between 2900 and 3700 cm-1.
This region has overlapping C-O and C-H stretching vibrations. The 3272 cm-1 belongs to
the C-H stretching vibration. The vibration at 2963 cm-1, on the other hand, belongs to OH stretching vibration. These are two of the strongest vibrations in the entire spectrum.
There is also a strong narrow vibration at around 1730 cm-1, which encompasses two
distinct minima at 1721 and 1749 cm-1. Both of these vibrations belong to C=O
stretching,24 which is supported by DFT calculations as they correspond to C=O
stretching in the two acetic acid molecules hydrogen bonded with ChCl.
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Table 3-1: Calculated and Experimental IR frequencies for AACC (scaling factor 0.96
applied to theoretical IR frequencies).
B3LYP (cm-1)

Assigned modes

FTIR (cm-1)

661

C-OH op bend (AA2)

716

852

C-COOH str, CH3 wag, C-OH bend
874
(AA2)

917

N-C4 asym str

958

966

CH3 rot(AA2)

1007

1015

Ch+ def

1053

1042

Ch+ asym def, C-O str

1086

1125

Ch+ asym def, C-O str

1137

1186

C-O-H scissor (ChCl)

1232

1253

CH2 twist, N-C asym str

1335

1322

CH3 def, C-OH ip wag (AA1)

1384

1420

CH3 scissor (AA2), CH2 scissor, C-O1480
H str (ChCl)

1687

C=O str(AA1)

1721

1740

C=O str (AA2)

1749

2772

O-H str (very strong) AA1

2963

3065

C-H str in CH3 (ChCl)

3272

Abbreviations: do: donor; ac: acceptor; op: out of plane; str: stretch; sym: symmetric;
asym: asymmetric; rot: rotation; def: deformation; ip: in plane.
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Previously unidentified vibrations in the FTIR spectra can be assigned to
particular bonds using the previously specified modeling, as seen in Table 3-1. Table
3-2 enumerates the vibration shifts observed for AACC, compared to acetic acid and
ChCl.
Table 3-2: FTIR vibrational Shifts AACC and Constituents.
Vibration Frequencies (cm-1)

Acetic Acid

Shift (cm-1)

ChCl

AACC

3222

3272

50

3026

3016

-10

3005

2963

-42

1731

1721

-10

2590

2571

-19

3272

50

-

3222

The shift of C-H stretching vibration from 3222 cm-1 in ChCl to 3272 cm-1 in
AACC (the blueshift) hint at involvement of hydrogens in methyl groups of ChCl in
weaker hydrogen bond formation. The O-H stretching vibration was found at 2963 cm-1
in AACC, instead of beyond 3000 cm-1 as in ChCl, suggesting the formation of stronger
(shorter) hydrogen bonds. This is in agreement with the DFT calculations, which showed
that O-H groups in both choline (Ch+) and acetic acid undergo similar shifts. The FTIR
data (Fig. 1) also showed that a C=O vibration underwent a redshift, as it shifted from
1731 cm-1 in acetic acid to 1721 cm-1 in AACC, likely due to the formation of stronger
hydrogen bonds than are in acetic acid.21, 23 The O-H stretching vibration has also
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undergone a red shift as it changes from 2590 cm-1 to 2571 cm-1 in AACC. This redshift,
again, could be from the formation of a stronger hydrogen bond between the OH-group in
acetic acid with the Cl¯ ion in ChCl. In the optimized structure of AACC, atomic
distances between atoms pairs that can form hydrogen bonds between them were
measured to see if they are within the hydrogen bond range (~0.15-0.25 Å). Table 3-3
lists the atom pairs found within the hydrogen bonding range:
Table 3-3: Possible Hydrogen Bonds and Bond Lengths in AACC.
Possible Hydrogen Bond

Length (Å)

Cl22-H16

2.476

Cl22-H12

2.389

Cl22-H20

2.376

Cl22-H30

1.995

O25-H13

2.444

O25-H19

2.466

O7-H36

2.579

O33-H21

1.795

Formation of hydrogen bonds can be deduced from the shifts in vibrational
frequencies obtained from FTIR and DFT, but the location, number, length, and strength
of those bonds cannot be confirmed without using strong, proven theoretical tools.
QTAIM and RDG analysis were applied to confirm the hydrogen bonds formation, which
will be discussed in the next section.
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3.4.2

FACC DFT Geometry Optimization and Vibration Assignment
Figure 3-4 shows the FTIR spectrum for FACC, ChCl, and formic acid, while

Figure 3-4 shows the FACC DES geometry optimized using B3LYP. All the vibrations
were confirmed by the calculated frequencies from DFT simulations with B3LYP, as
seen in Table 3-15. Experimental and predicted frequencies are similar, with differences
likely due to the DES sample form in FTIR.

Figure 3-4: Gas-Phase Molecular Structure of 2:1 Formic Acid-Choline Chloride DES
Geometry Optimized using B3LYP with a DNP Basis Set
In the FTIR spectrum (Fig. 2), a very strong and broad region is seen in the 23003700 region, which contains overlapping O-H stretching vibrations and C-H stretching
vibrations. A strong narrow vibration was observed for FACC near 1724 cm-1, which is
the C=O vibration. Smaller vibrations below 1500 cm-1 were also observed that could not
have been identified without the help of DFT calculations. These vibrations are mainly
caused by the asymmetric and symmetric deformation of constituent molecules. The
vibrations at 1170 cm-1 and 1080 cm-1 correspond to asymmetric deformations of the two

20

formic acid molecules, while the 1050 cm-1 vibration is attributed to Choline (Ch+)
symmetric deformation. The CH2CH2-O twist is the reason for the 1010 cm-1 vibration.
The vibration at 881 cm-1 is identified as an N-C4 asymmetric stretching vibration.
Table 3-4: Calculated and Vibrational Vibrations for FACC (Scaling Factor 0.96
Applied to Theoretical IR Frequencies).
Freq (cm-1)
B3LYP
831

Assigned modes

FTIR (cm-1)

CH3 op twist, CH3 op wag (Ch+)

865

852

N-C4 asym str, Ch3 op twist

881

910

HCOOH op twist

953

956

CH2-CH2-O asym str

1010

981

Ch+ def

1050

1058

FA2 asym def, CO str

1080

1138

FA1 asym def

1170

1607

C=O str, asym def (FA1)

1720

1646

C=O str, asym def (FA2)

1720

2489

2650

2836

O-H str (massive) FA1 (towards
Cl¯)
CH3 sym str, CH2 sym str

3379

O-H str (Ch+)

3330

2920

When compared with the vibrations of formic acid and ChCl several vibration
shifts are observed in FACC which are tabulated in Table 3-5. The vibrational peaks at
3337 cm-1 in FACC and 3222 cm-1 in ChCl represent the C-H stretching vibrations. The
blueshift seen on the bottom can be attributed to interactions between the Cl¯ ion and
three hydrogens on the ChCl methyl groups that have lengthened to near 2.5 Å in FACC,
compared to ChCl (Cl32-H22, Cl32-H26, Cl32-H30). The O-H stretching vibration at
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2924 cm-1 was seen in the FACC spectrum, while the O-H stretching vibration was found
at 2975 cm-1 for formic acid, which exists in dimer form. This redshift can be explained
by the formation of a short (very strong) hydrogen bond between the OH group in formic
acid and Cl¯ (O1-H21). This bond may contribute to the lengthening of the hydrogen
bonds between the Cl¯ ion and three hydrogens on the ChCl methyl groups described as a
blueshift above.
The C=O band for formic acid with a vibration at 1755 cm-1 was seen to have
redshifted to 1724 cm-1 for FACC, again explained by the formation of a strong hydrogen
bond between the doubly bonded O and the OH group of ChCl (O1-H31). Another C=O
stretching vibration also underwent similar redshift, going from 2705 cm-1 in formic acid
to 2654 cm-1 in FACC, suggesting the involvement of the doubly bonded oxygen in
formic acid in hydrogen bonding (O6-H29). QTAIM and RDG analysis were applied to
confirm the hydrogen bonds formation, which will be discussed in the next section.
Table 3-5: Vibrational Shifts FACC and Constituents.
Vibration Frequencies
Formic Acid (cm-1) ChCl (cm-1)
3222

Shift (cm-1)

FACC (cm-1)
3337

+117

2975

2924

-51

1755

1717

-38

2705

2654

-51

3337

+117

3222
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3.5

Reduced Density Gradient Analysis

Multiwfn was used to perform RDG analysis (also known as noncovalent interaction
(NCI) analysis).13 RDG vs. sign(λ2)ρ plot is shown in Figure 3-5: Reduced Density
Gradient vs. sign(λ2)ρ Scatter Plot of AACCFigure 3-5 and Figure 3-6 for AACC and
FACC, respectively. The x-axis sign(λ2)ρ is the product of second eigenvalue (λ2) and
electron density (ρ) with the same sign as the second eigenvalue.

Figure 3-5: Reduced Density Gradient vs. sign(λ2)ρ Scatter Plot of AACC

Figure 3-6: Reduced Density Gradient vs. Sign(λ2)ρ Scatter Plot of FACC
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From Figures 3-5 and 3-6, several spikes are evident in the negative region on the
sign(λ2)ρ axis of the RDG scatter plot for both AACC and FACC, which is the region
where spikes for hydrogen bonds are expected. The van der Waals interactions are also
found towards the middle of the plot, so we apply QTAIM to properly identify the
hydrogen bonds.
3.6
3.6.1

Quantum Theory of Atoms In Molecules (QTAIM)

AACC
Eight AIM criteria were proposed previously to study and characterize hydrogen

bonds.16, 17, 25 We went through each of them and confirmed whether the proposed
hydrogen bonds qualified as hydrogen bonds.

Figure 3-7: Schematic Drawing of AACC Showing its Bond Paths and Bond Critical
Points. Bond Critical Points are Numbered with Blue Labels.
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Topology: To confirm the presence of hydrogen bonds, a correct topology of the
gradient vector field is the first necessary condition. Figure 3-7 demonstrates the
existence of a Bond Critical Point (BCP) for every proposed hydrogen bond. A bond is
defined along a line connecting two nuclei also known as bond line, along which electron
density is concentrated. This line is also known as a bond path. A point on the bond path
where the electron density is minimum is known as the bond critical point. After
computation, the Poincare-Hopf relationship was satisfied, which means the total
topology of AACC is consistent.
The Electron Density of the Bond Critical Point: The values of electron density
for the BCP of hydrogen bonds generally fall within 0.002-0.035 au.16 The electron
density of the bond critical points as seen in Figure 3-7 are listed in Table 5 and are
denoted by ρb. The electron density of a BCP has been shown to be directly proportional
to the bond strength26. O33—H21 and Cl22—H30 have significantly higher electron
densities at the bond critical point compared to other bonds, showing that these particular
hydrogen bonds are stronger than other bonds.
The Laplacian of the Electron Density of the Bond Critical Point: The Laplacians
of the electron densities at the bond critical point are listed in Table 3-6, as denoted by
∇2ρb. The Laplacian is simply the sum of eigenvalues (λ1, λ2, and λ3). For non-covalent
interactions like hydrogen bonds, it is crucial that the Laplacians have positive values and
that these values lie within the 0.024 - 0.139 range.16 All our proposed hydrogen bonds
have a positive Laplacian and their value lies between 0.024 and 0.139.
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Table 3-6: Bond Critical Points, Associated Bond, Electron Density at BCP, and
Laplacian of Electron Density at BCP.
BCP

Bond

ρb

∇ 2 ρb

61

O33—H21

0.03559

0.12132

79

Cl22—H30

0.04038

0.07646

52

025—H19

0.01003

0.03685

54

025—H13

0.01047

0.03731

82

Cl22—H12

0.0215

0.04322

81

Cl22—H20

0.02201

0.04398

91

Cl22--H16

0.01806

0.03703

47

O7—H36

0.00802

0.02924

Mutual Penetration of Hydrogen and Acceptor Atoms: For non-covalently
interacting atom pairs AB, the difference between the length of A-B and the sum of their
non-bonded radii is defined as the mutual penetration distance. A value of 0.001 au was
taken for the contour as it yields atomic diameters and molecular sizes in good agreement
with gas-phase van der Waals radii.27 The non-bonded radius of an atom A, r0A, is
defined as the distance of its nucleus from the charge density contour in question. In the
context of AIM, the bonded radius is the distance from the nucleus to the BCP of the
atom in question. The bonded and non-bonded radii of hydrogen atoms and acceptor
atoms are listed in Table 3-7.
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Table 3-7: Bonded radii, Non-Bonded Radii and Mutual Penetration of Acceptor Atoms
and Hydrogen Atoms.
Bond
O25--H13
O25--H19
O7--H36
O33--H21
Cl22-H30
Cl22--H12
Cl22--H20
Cl22--h16

ΔrA (Å)

ΔrH (Å)

ΔrA+ΔrH (Å)

0.2615

0.3221

0.5836

0.2528

0.3051

0.5580

0.1695

-0.0137

0.1558

0.5034

0.5913

1.0947

0.6726

0.5871

1.2597

0.4940

0.5811

1.0751

0.5006

0.5856

1.0861

0.4525

0.5383

0.9908

From Table 3-7, it is clear that mutual penetration, ΔrA+ΔrH, is positive for all
atom pairs in question, which is a requirement for hydrogen bonding. However, mutual
penetration is significantly higher for O33—H21 and Cl22—H30 pairs, which means
these are the strongest hydrogen bonds in AACC. The penetration in O7—H36 is
significantly low and seems the weakest of all interactions.
Increased Net Charge of the Hydrogen Atom: Net charge on an atom is the sum of
its electron population and its nuclear charge. Table 3-8 lists the atomic charge and
atomic volume of all the hydrogen atoms involved in possible hydrogen bonds. H12,
H16, and H20 have reduced net charge in AACC (qA) compared to the net charge in its
constituents (q0A). They do not meet this criterion for hydrogen bonding.
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Table 3-8: Net Charge and Energy of Hydrogen Atoms Involved in Possible Hydrogen
Bonds.
Bond

qA

q0A

E(r) (a.u.)

E0(r) (a.u.)

H12

0.1679

0.2183

-2.9754

-2.8599

0.0583

-0.0059

-3.1437

-3.1962

0.1580

0.2186

-2.9757

-2.8572

0.0545

-0.0056

-3.1480

-3.1962

0.1726

0.2164

-2.9689

-2.8596

0.6570

0.6092

-2.8657

-3.1099

0.6524

0.6377

-2.5360

-2.9968

0.0448

0.0065

-3.1101

-3.1369

H13
H16
H19
H20
H21
H30
H36

Energetic Destabilization of the Hydrogen Atom: This criterion requires an
increase in energy of the hydrogen atom involved in hydrogen bonding. The more
negative (i.e. lower) the value of energy, the more stable the entity is. Data on Table 3-8
clearly shows that all the hydrogen atoms in question fulfill this criterion, except for H12,
H16, and H20, which show lower E(r) in AACC compared to E0(r) in its constituents.
The energy of H30 increases from -2.9968 in choline chloride to -2.5360 in AACC,
which is the greatest increase in energy, hinting at its involvement in the strongest
interaction. Both H30 and H21 undergo a substantially greater increase in energy, which
means they are involved in significantly stronger interactions compared to H13, H19, and
H36.
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Decrease of Dipolar Polarization of the Hydrogen Atom: Atomic first moment
provides a measure of the extent and direction of the dipolar polarization of the atom’s
electron density by determining the displacement of the atom’s centroid of negative
charge from the position of the nucleus. We need the magnitude of this vector to fulfill
this criterion. The first moment of hydrogen atoms H13, H19, H21, H30, and H36 in
AACC, M(Ω), is lower than M0(Ω) of H13, H19, H21, H30, and H36, satisfying the
criterion. In contrast with the last two criteria, H12, H16, and H20 also satisfy this
criterion as they have lower first moments in the AACC complex compared to its
constituents.
Table 3-9: Atomic First Moments and Volumes of Hydrogen Atoms.
Atom

M(Ω)

M0(Ω)

V (Bohr3)

V0 (Bohr3)

H12

0.0676

0.1230

33.054

30.739

0.1026

0.1159

41.573

47.634

H16

0.0480

0.1194

34.932

30.833

H19

0.1041

0.1152

42.146

47.858

H20

0.0653

0.1237

32.702

31.126

H21

0.1427

0.1478

12.026

21.020

H30

0.0781

0.1715

12.233

19.782

H36

0.0675

0.1167

44.233

48.341

H13
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Decrease of the Hydrogen Atom’s Volume: According to this criterion, the
volume of the hydrogen atom should decrease in AACC compared to their volume in the
constituent molecules. Table 3-9 clearly shows that H13, H19, H21, H30, and H36 all
undergo a significant decrease in volume in AACC compared to their volumes in acetic
acid and choline chloride.
Based on the fulfillment of these eight criteria, we confirm that O25--H19, O7-H36, O33--H21, and Cl22--H30 are indeed hydrogen bonds. Since H12, H16, and H20 do
not fulfill the fifth, sixth, and the eighth criteria, we can confidently conclude that Cl32—
H12, Cl32—H16, and Cl32—H20 are not hydrogen bonds. The hydrogen bonds present
in AACC and their properties are summarized in Table 3-10 and depicted in Figure 3-8.
Table 3-10: Hydrogen Bonds Present in AACC.

Hydrogen Bond

Length(Å)

Cl22—H30

1.994

O25—H13

2.443

O25--H19

2.466

O7—H36

2.579

O33—H21

1.795
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Figure 3-8: AACC Geometry Optimized at Becke-3-Parameter-Lee-Yang-Parr
(B3LYP) Functional in DMOL3 Module of Materials Studio 6.0.
3.6.2

FACC
We applied QTAIM to confirm and characterize hydrogen bonding in FACC.

Figure 3-9: Schematic Drawing of FACC Showing its Bond Critical Points. Bond
Critical Points are Numbered using Blue Labels.
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Topology: To confirm the presence of hydrogen bond, a correct topology of the
gradient vector field is the first necessary condition. Figure 9 clearly demonstrates the
existence of a Bond Critical Point (BCP) for every proposed hydrogen bond.
The Electron Density of the Bond Critical Point: The electron density of the bond
critical points as seen in Figure 3-9 are listed in Table 3-11, and are denoted by ρb.. The
electron density of a BCP has been shown to be directly proportional to the bond
strength.26 The BCP75 of Cl32—H10 association has an electron density of 0.0434,
which would make it one of the strongest hydrogen bonds, assuming it fulfills all the
criteria for a hydrogen bond.
Table 3-11: Bond Critical Points, their Properties, and Associated Atoms.
BCP

Bond

ρb

∇2ρb

75

Cl32--H10

0.0434

0.0778

70

Cl32--H22

0.0217

0.0437

79

Cl32--H26

0.0175

0.0362

73

Cl32--H30

0.0214

0.0428

44

O6—H23

0.0099

0.0364

42

O6--H29

0.0098

0.0357

37

O1--H31

0.0303

0.1094

The Laplacian of the Electron Density of the Bond Critical Point: The Laplacian
of the electron density of the bond critical point are listed in Table 3-11 and is denoted
by ∇2ρb. The Laplacian is simply the sum of eigenvalues (λ1, λ2, and λ3). For noncovalent interactions like hydrogen bonds, it is crucial that the Laplacian has a positive
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value and the value lies within 0.024 - 0.139.16 All our proposed hydrogen bonds have a
positive Laplacian and their value lies between 0.024 and 0.139.
Mutual Penetration of Hydrogen and Acceptor Atom: The bonded and nonbonded radii of hydrogen atoms and acceptor atoms are listed in Table 3-12. The
penetration of an atom, ΔrA = r0A -rA, where r0A and rA are its non-bonded and bonded
radii, respectively.
Table 3-12: Bonded Radii, Non-Bonded Radii, and Mutual Penetration of Acceptor
Atoms and Hydrogen Atoms.
Bond

ΔrA(Å)

ΔrH(Å)

ΔrA+ΔrH(Å)

Cl32--H10

0.6912

0.5874

1.2785

Cl32--H22

0.4976

0.5841

1.0817

Cl32--H26

0.4441

0.5301

0.9742

Cl32--H30

0.4924

0.5777

1.0701

O6—H23

0.2735

0.3006

0.5741

O6--H29

0.2709

0.3040

0.5749

O1--H31

0.4787

0.5650

1.0437

The sum of ΔrA and ΔrH gives the mutual penetration distance of the hydrogenbonded pair. The value of mutual penetration distance is higher in stronger bonds. From
Table 3-12, it is clear that mutual penetration, ΔrA+ΔrH, is positive for all atom pairs in
question, which is a requirement for hydrogen bonding.
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Increased Net Charge of the Hydrogen Atom: Table 3-13 lists the net charge and
energy of all the hydrogen atoms involved in possible hydrogen bonds. H22, H26, and
H30 have reduced net charge (qA) in FACC compared to the net charge in its
constituents. They do not meet this criterion for hydrogen bonding.
Table 3-13: Net Charge and Energy of Hydrogen Atoms Involved in Possible Hydrogen
Bonds.
Atom

qA

q0A

E(r) (a.u.)

E0(r) (a.u.)

H10

0.6474

0.6376

-2.4997

-2.9800

H22

0.1653

0.2183

-2.9777

-2.8599

H23

0.0547

-0.0059

-3.151

-3.1962

H26

0.1527

0.2186

-2.9829

-2.8596

H29

0.0547

-0.0056

-3.1487

-3.1962

H30

0.1681

0.2164

-2.9775

-2.8596

H31

0.6566

0.6092

-2.924

-3.1099

Energetic Destabilization of the Hydrogen Atom: This criterion requires the
increase in energy of the hydrogen atom involved in hydrogen bonding. Data on Table
3-13 clearly shows that all the hydrogen atoms in question fulfill this criterion, except for
H22, H26, and H30, which show lower E(r) in FACC compared to E0(r) in its
constituents.
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Decrease of Dipolar Polarization of the Hydrogen Atom: The first moment of
hydrogen atoms, M(Ω), is listed in Table 3-14. The decrease in M(Ω) of all the hydrogen
atoms in question can be seen. This criterion is fulfilled by all these hydrogen atoms.
Table 3-14: Atomic First Moments and Volumes of Hydrogen Atoms.
Atom

M(Ω)

M0(Ω)

V (Bohr3)

V0 (Bohr3)

H10

0.0729

0.1701

12.311

20.156

H22

0.0625

0.1230

32.945

30.739

H23

0.0533

0.1194

41.839

47.634

H26

0.0644

0.1237

35.263

30.833

H29

0.1062

0.1152

42.329

47.858

H30

0.1042

0.1159

32.997

31.126

H31

0.1393

0.1478

12.597

21.020

Decrease of the Hydrogen Atom’s Volume: According to this criterion, the
volume of the hydrogen atom should decrease in AACC compared to their volume in the
constituent molecules. Table 3-14 shows that H10, H23, H29, and H31 all undergo
significant decreases in volume in FACC compared to their volumes in formic acid and
choline chloride. H22, H26, and H30, however, do not meet this criterion as well.
Based on the fulfillment of these eight criteria, we confirm and conclude that
Cl32--H10, O6—H23, O6--H29, and O1--H31 are indeed hydrogen bonds. Since H22,
H26, and H30 do not fulfill the fifth, sixth, and eighth criteria, we can confidently
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conclude that Cl32—H22, Cl32—H26, and Cl32—H30 are not hydrogen bonds. The
hydrogen bonds present in FACC and their properties are summarized in Table 3-15 and
depicted in Figure 3-10.
Table 3-15: Hydrogen Bonds Present in FACC.
Hydrogen Bond

Length(Å)

Cl32--H10

1.964

O6—H23

2.475

O6--H29

2.474

O1--H31

1.845

Figure 3-10: FACC Geometry Optimized at Becke-3-Parameter-Lee-Yanfig-Parr
(B3LYP) Functional in DMOL3 Module of Materials Studio 6.0.
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK

4.1

Conclusions

Two ChCl-carboxylic acid DESs (AACC and FACC) were synthesized and
characterized with FTIRk. A study of the structure and behavior of these systems was
then performed using density functional theory. RDG analysis and QTAIM were applied
to study the hydrogen bonds in these solvents. The molecular structure of choline
chloride-carboxylic acid deep eutectic solvents and the formation mechanism was
understood in greater detail than before. FACC, which has given better results than other
DES in biomass pretreatment in our lab, has now been theoretically studied to this depth
for the first time. 2:1 molar ratio AACC (2 mol acetic acid, 1 mol choline chloride) has
been studied for the first time using QTAIM. The following conclusions were drawn.
1. The chlorine ion forms a strong hydrogen bond with acetic acid and formic acid.
2. The double-bonded oxygen in carboxylic acids forms strong hydrogen bonds with
the hydroxyl group of choline chloride.
3. Hydrogen atoms in methyl groups of choline chloride form weak hydrogen bonds
with acetic acid and formic acid.
4. The chlorine ion also forms van der Waals interactions with several hydrogen
atoms in methyl groups of choline chloride.
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5. Hydrogen atoms in methyl groups of choline chloride form weak hydrogen bonds
with acetic acid and formic acid
6. The stability of these deep eutectic solvents can be attributed to several strong
hydrogen bonds formed within ChCl-carboxylic acid DES.
4.2

Future Work

Future work will be performed to analyze the bulk characteristics of DES. In
addition, a theoretical study of lignin breakdown by DES will be performed to understand
why the DES studied in this work perform more efficiently than others.
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APPENDIX A
VIBRATIONAL FREQUENCIES OF AACC AND FACC
Vibrational analyses were performed on the geometry optimized deep eutectic
solvents and the vibrational frequencies were obtained. The bonds, elements, and
functional groups associated with each vibration were observed and all the stretch, wag,
scissor, or twist. Such vibrations and their intensity and pattern were studied for both
AACC and FACC.
A.1

AACC

Table A-1 shows the vibrational peaks and associated vibrational patterns in the
acetic acid-choline chloride deep eutectic solvent.
Table A-1: Vibrational Peaks and Associated Vibrational Patterns in the Acetic AcidCholine Chloride Deep Eutectic Solvent. Scaling Factor 0f 0.96 was Applied to B3LYP
IR Frequencies.
B3LYP (1/cm)

Assigned modes

FTIR

11

Do-Ac bend

(1/cm)

12

Do-Ac bend

20

aa1 ch3 sym rot

22

aa1 ch3 sym rot

34

Do-Ac bend

45

Ch+ def

50

Do-Ac bend

61

aa1 wag
39

B3LYP (1/cm)

Assigned modes

FTIR

68

aa1 ch3 sym rot, C=O bend aa1

76

Ch+ def

88

aa1 C-OH bend, CH3 asym str

90

Ch+ def

93

Ch+ def

101

Ch+ def

111

CH3 sym rot (aa1)

116

CH3 sym rot (aa1, aa2)

134

CH2 twist, N(CH3)3 wag

139

CH3 sym rotate (aa1, aa2)

180

Cl- op str

226

Ch+ def

270

CH3 rot

329

CH3 rot (Ch+)

335

Ch+ def, N(CH3)3 wag towards Cl-

341

CH3 rot

369

CH3 rot

382

CH3 rot (Ch+)

422

CH3 rot (aa2)

434

Ch+ def

448

aa1 ip bend

450

Ch+ def

520

C-OH bend/wag Ch+

528

C-OH bend/wag Ch+

534

C-OH bend Ch+

573

C-OH bend aa2

582

O=C-O scissor (aa1), CH3 asym str(aa1)

600

aa1 asym def, CH3 sym twist(aa1)

40

(1/cm)

B3LYP (1/cm)

Assigned modes

FTIR

661

C-OH op bend (aa2)

716
(1/cm)

742

N-C4 sym str, CH3 twist (Ch+)

770

CH2 twist/rock (Ch+)

852

C-COOH str, CH3 wag, C-OH bend (aa2)

862

N-C4 str, CH3 wag, C-OH bend (aa1)

886

N-C4 asym str

917

N-C4 asym str

925

N-C4 asym str

946

Ch+ def

966

CH3 rot(aa2)

981

CH3 rot (aa1)

1015

Ch+ def

1031

CH3 asym str (aa2)

1032

CH3 aysm str (aa1) &&&

1042

Ch+ asym def, C-O str

1055

Ch+ asym def, C-O str

1059

Ch+ asym def, C-O str

1125

Ch+ asym def, C-O str

1141

Ch+ asym def, C-O str

1174

C-O-H scissor (aa2)

1186

C-O-H scissor (ChCl)

1214

N-C4 asym str, CH2 op wag

1246

C-OH bend (aa1)

1249

CH2 twist(ChCl)

1253

CH2 twist, N-C asym str

1265

CH2 twist, C-OH op wag (ChCl)

1303

CH3 asym def, H2-C-OH sym str (ChCL)

1310

CH2 twist

874

958

1007

1053

1086

1137

1232

41

1335

B3LYP (1/cm)

Assigned modes

FTIR

1322

CH3 def, C-OH ip wag (aa1)

1384
(1/cm)

1335

CH2 wag op

1370

CH3 sym def, C-C-O sym str, C-OH bend

1383
1394

C-O-H
(aa2) asym str (aa1), CH3 sym str(aa1)
C-OH bend, CH3 sym str(aa1)

1400

CH3 def (ChCl)

1410

CH3 def (ChCl)

1413

CH3 scissor (aa1)

1416

CH2 scissor, CH3 scissor(ChCl)

1417

CH3 scissor (aa2)

1418

CH3 scissor (aa1)

1420

CH3 scissor (aa2), CH2 scissor, C-O-H str

1429
1430

CH3
scissor (Ch+)
(ChCl)
CH3 scissor (aa1, CH+), CH2 scissor

1441

CH3 scissor (aa2)

1454

CH3 scissor (Ch+)

1464

CH2 scissor(Ch+)

1467

CH3 scissor (Ch+)

1471

CH3 scissor (Ch+)

1489

CH3 scissor(aa2)

1687

C=O str(aa1)

1721

1740

C=O str (aa2)

1749

2772

O-H str (very strong) aa1

2963

2872

CH2 sym str

2878

CH2, CH3 sym str (ChCl), O-H massive str

2897
2912

CH3
(aa1) sym str (ChCl)
CH3 sym str (ChCl)

2919

CH2 asym str

42

1480

B3LYP (1/cm)

Assigned modes

FTIR

2929

CH3 sym str (aa1)

2935

CH3 sym str (aa2)

2958

CH2 sym str

3000

CH3 asym str (ChCl)

3002

CH3 asym str (aa1)

3007

CH3 asym str (aa2)

3008

CH3 asym str (ChCl, aa2)

3014

CH3 asym str (ChCl)

3016

CH2 asym str

3045

CH3 asym str (aa1)

3045

CH3 asym str (ChCl)

3059

CH3 asym str (ChCl)

3060

CH3 asym str (aa2, ChCl)

3065

C-H str in CH3 (ChCl)

3573

O-H str ChCl

3604

OH str (aa2)

(1/cm)

3272

Abbreviations: do: donor; ac: acceptor; op: out of plane; str: stretch; sym:
symmetric; asym: asymmetric; rot: rotation; def: deformation; ip: in plane
A.2

FACC

Table A-2: Vibrational Peaks and Associated Vibrational Patterns in the Formic AcidCholine Chloride Deep Eutectic Solvent.
B3LYP (1/cm)

Vibrational Mode

11

Do-Ac bend

21

Do-Ac bend

36

Do-Ac bend

49

Do-Ac bend

57

Do-Ac bend

FTIR
(1/cm)

43

B3LYP (1/cm)

Vibrational Mode

FTIR

59

Do-Ac bend

62

Do-Ac op bend

70

fa1 def

78

Ch+ fa1 str

86

Ch+ def

94

CH2 ip rock

104

asym def Ch+, fa1, fa2

123

asym def Ch+, fa1, fa2

137

asym def CH2-OH

156

sym def NC4

175

fa1 def

222

fa1 def, ChCl def

230

fa1 def, ChCl def

270

CH3 sym rot Ch+

309

CH3 sym rot Ch+

322

CH3 sym rot Ch+

331

Ch+ sym def

351

CH3 sym rot (Ch+)

355

Ch+ def, NC4 asym str, CH3 op wag(Ch+)

416

Ch+ def, NC4 asym str, CH3 op wag(Ch+)

430

Ch+ def, NC4 asym str, CH3 op wag(Ch+)

494

COH op wag (Ch+)

525

COH op wag (Ch+)

592

COOH scissor (fa2)

634

COOH scissor (fa1)

680

CO-H op wag (fa2)

694

N-C4 sym str

757

CH2 ip rock

(1/cm)

44

B3LYP (1/cm)

Vibrational Mode

FTIR

831

CH3 op twist, CH3 op wag (Ch+)

852

N-C4 asym str, Ch3 op twist

865
(1/cm)
881

882

N-C4 asym str, Ch3 op twist

910

HCOOH op twist

953

956

CH2-CH2-O asym str

1010

970

C-H str (fa2)

981

Ch+ def

991

CHOH op wag (fa1)

1025

CH3 op twist, Ch2 op twist (Ch+)

1028

CH3 asym def (Ch+)

1058

fa2 asym def, CO str

1086

CH3 asym def (Ch+)

1105

CH3 asym def (Ch+)

1138

fa1 asym def

1149

CH2 op twist, CH3 asym str(Ch+)

1181

CH3 asym def (Ch+)

1201

NC4 asym str, CH3 asym def(Ch+)

1219

CH2 op twist

1234

COH scissor (fa2)

1257

C-O-H bend, CH2 op wag (Ch+)

1268

CH2 op twist

1284

HCOH wag, COH scissor (fa1)

1307

CH bend (fa2), C=O str (little)

1309

C-O-H bend, CH2 op wag (Ch+)

1325

HCOH ip rot (fa1), C=O str (little)

1355

CH3 op wag

1362

CH3 op wag

1384

CH3 sym def, CH2 op wag, COH

1050

1080

1170

scissor(Ch+)
45

B3LYP (1/cm)

Vibrational Mode

FTIR

1388

COH scissor, CH2 op wag, CH3 sym def

1393
1401

CH3 sym def, CH2 scissor
(Ch+)
CH3 OP wag, CH2 scissor

1416

CH3 sym def

1416

CH3 sym def

1429

CH3 asym def

1436

CH2 scissor, CH3 asym def

1441

CH2 scissor, CH3 asym def

1446

CH2 scissor, CH3 asym def

1607

C=O str, asym def(fa1)

1720

1646

C=O str, asym def (fa2)

1720

2489

O-H str (massive) fa1 (towards Cl-)

2650

2800

C-H str fa1

2803

CH2 sym str

2812

CH2 sym str, CH3 sym str

2817

CH3 sym str

2836

CH3 sym str, CH2 sym str

2853

CH2 asym str

2893

C-H str(fa2)

2897

CH2 sym str

2940

CH3 asym str

2952

CH2 asym str

2965

CH3 asym str

2988

CH3 asym str

3379

O-H str (Ch+)

3413

O-H str fa2

(1/cm)

2920

3330

Abbreviations: do: donor; ac: acceptor; op: out of plane; str: stretch; sym: symmetric;
asym: asymmetric; rot: rotation; def: deformation; ip: in plane.
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